
































































































































































AAV	 	 	 Adeno-associated	virus	
ADA	 	 	 Adenosine	deaminase	
AMD	 	 	 Age	related	macular	degeneration	 	
ANOVA	 	 Analysis	of	variance	
ASGCT		 	 American	Society	of	Gene	and	Cell	Therapy	
ATP	 	 	 Adenosine	triphosphate	
AV	 	 	 Adenovirus	
cAMP	 	 	 Cyclic	adenosine	monophosphate	
cfu	 	 	 Colony	forming	unit	
CMV	 	 	 Cytomegalovirus	
CNS	 	 	 Central	nervous	system	
CO2	 	 	 Carbon	dioxide	
CVD	 	 	 Cardio	vascular	disease	
DAPI	 	 	 4’,	6-diaminidino-2-phenylindole	
dH20	 	 	 distilled	water	
DMEM		 	 Dulbecco’s	modified	Eagle	medium	
DMSO	 	 	 Dimethyl	sulphoxide	
DNA	 	 	 Dexoyribonucleic	acid	
DPP4	 	 	 Dipeptidyl	peptidase-4	
ds	 	 	 Double	stranded	
EDTA	 	 	 Ethylenediaminetetraacetic	acid	
eGFP	 	 	 Enhanced	green	fluorescent	protein	
EGTA	 	 	 Ethylene	glycol	tetraacetic	acid	
EIA	 	 	 Enzyme	immunoassay	
ELISA	 	 	 Enzyme-linked	immunosorbent	assay	
Ex-4	 	 	 Exendin-4	
FBS	 	 	 Foetal	bovine	serum	
FFPE	 	 	 Formalin	fixed	paraffin	embedded	
GI	 	 	 Gastro	intestinal	
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GIP	 	 	 Glucose-dependent	insulinotropic	polypeptide	
GLP-1	 	 	 Glucagon-like	peptide	1	
GLP-2	 	 	 Glucagon-like	peptide-2		
HbA1c	 	 	 Glycated	haemoglobin	
HEPES	 	 	 4-(2-hydroxyethyl)-1-piperazineethanesulphonic	acid	
HIV	 	 	 Human	immunodeficiency	virus	
HOMA		 	 Homeostatic	model	assessment	
ICC	 	 	 Immunocytochemistry	
IHC	 	 	 Immunohistochemistry	
IM	 	 	 Intra-muscular	
IPGTT	 	 	 Intra-peritoneal	glucose	tolerance	test	
IVIS	 	 	 In	vivo	imaging	system	
KCl	 	 	 Potassium	chloride	
LB	 	 	 Luria-Bertani	
MCK	 	 	 Muscle	creatine	kinase	
MLV	 	 	 Moloney-murine	leukaemia	virus	
MOI	 	 	 Multiplicity	of	infection	
Opti-MEM	 	 Reduced	serum	minimal	essential	medium	
PBS	 	 	 Phosphate	buffered	saline	
pDNA	 	 	 plasmid	DNA	
PFA	 	 	 Paraformaldehyde	
PIL	 	 	 Personal	Home	Office	animal	licence	
PKA	 	 	 Protein	kinase	A	
PPAR 	 	 	 Peroxisome	proliferator-activated	receptor	gamma	
PPL	 	 	 Home	Office	animal	Project	licence	
rANOVA	 	 repeated	measures	ANOVA	
RCF	 	 	 Relative	centrifugal	force	
ROI	 	 	 Region	of	interest	 	
RT	 	 	 Room	temperature	
SCID	 	 	 Severe	combined	immunodeficiency	disease	
SD	 	 	 Standard	deviation	
siRINA	 	 	 Small	interfering	RNA	
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SOC	 	 	 Super	optimal	broth	with	catabolite	repression	
T1DM	 	 	 Type	1	diabetes	mellitus	
T2DM	 	 	 Type	2	diabetes	mellitus	
TET	 	 	 Tetracycline	
UPV	 	 	 Viral	vector	production	unit,	Barcelona	








1	 Chapter 1 – Introduction ................................................................................ 1	
1.1	 Diabetes Mellitus .................................................................................... 2	
1.1.1	 Economic impact ...................................................................................... 3	
1.1.2	 Type 1 Diabetes Mellitus (T1DM) ............................................................ 4	
1.1.3	 Type 2 Diabetes Mellitus (T2DM) ............................................................ 5	
1.2	 The pancreas and the β-cell ................................................................. 10	
1.2.1	 The incretin effect .................................................................................. 11	
1.2.2	 Incretin structure, function and action .................................................... 11	
1.2.3	 GLP-1-R Agonists .................................................................................. 14	
1.3	 Gene Therapy ....................................................................................... 16	
1.3.1	 Gene delivery methods .......................................................................... 18	
1.3.2	 Muscle targeted gene therapy ............................................................... 28	
1.3.3	 Current diabetic gene therapy ................................................................ 29	
1.4	 Models for studying muscle-targeted gene therapy for diabetes mellitus30	
1.5	 Overall Objectives ................................................................................ 31	
2	 Chapter 2 - Material and Methods ............................................................... 32	
2.1	 Materials ............................................................................................... 33	
2.2	 Methods ................................................................................................ 34	
2.2.1	 Cell culture and characterisation ............................................................ 34	
2.2.2	 In vitro transfections using Lipofectamine2000 ...................................... 35	
2.2.3	 Gene expression analysis of C2C12 cells using either reporter gene 
GFP or genes of interest Exendin-4 and GLP-1 by immunofluorescence 
staining 36	
2.2.4	 Visualising stained cells ......................................................................... 37	
2.2.5	 Growth medium ...................................................................................... 38	
2.2.6	 Transformation of competent bacteria ................................................... 38	
x 
 
2.2.7	 Obtaining plasmid ................................................................................... 39	
2.2.8	 Spectrophotometry ................................................................................. 40	
2.2.9	 Restriction Enzyme Digest ..................................................................... 40	
2.2.10	 Agarose gel electrophoresis .................................................................. 41	
2.2.11	 In Vivo Studies ...................................................................................... 41	
2.2.12	 Tissue harvesting .................................................................................. 44	
2.2.13	 Blood sampling ...................................................................................... 45	
2.2.14	 Analytical Methods ................................................................................ 45	
2.2.15	 Analytical method validation .................................................................. 46	
2.2.16	 Solid tissue analysis .............................................................................. 48	
2.2.17	 Statistical analysis ................................................................................. 50	
3	 Chapter 3 – Establishment of in vitro and in vivo muscle targeted gene 
transfer protocols and evaluation of the resulting expression, driven by viral and 
muscle specific promoters in plasmid constructs and AAV vectors in eGFP 
reporter gene studies ........................................................................................ 52	
3.1	 Introduction ........................................................................................... 53	
3.2	 Objectives ............................................................................................. 55	
3.3	 In vitro studies using the C2C12 cell line, employing Lipofectamine2000 
as a transfection agent for plasmid DNA, and standard infection protocols for 
AAV vectors. .................................................................................................. 56	
3.3.1	 C2C12 Cell characterisation ................................................................... 56	
3.3.2	 Determination of optimal in vitro transfection conditions for C2C12 
myoblast cells with pVR1012.CMV.eGFP plasmid using Lipofectamine2000 ... 58	
3.3.3	 Determination of optimal in vitro transfection conditions for C2C12 
myotubes with pVR1012.CMV.eGFP plasmid using Lipofectamine2000 and 
hyaluronidase ..................................................................................................... 62	
3.3.4	 In vitro infection of AAV vectors to determine most appropriate 
serotype for use and the multiplicity of infection (MOI) required. ....................... 66	
3.4	 In vivo studies to determine the efficacy and efficiency of the conditions 
established during in vitro trials. .................................................................... 69	
3.4.1	 In vivo transfection to assess predicted optimal procedure for gene 
expression efficiency in CD1 males using plasmid vector ................................. 69	
3.4.2	 In vivo transfections to assess promoter effectiveness in CD1 females 71	
3.5	 Discussion ............................................................................................. 77	
xi 
 
4	 Chapter 4 – Assessment of constitutive expression and secretion of Exendin-
4 and GLP-1 through plasmid and AAV transfection in vitro ............................ 79	
4.1	 Introduction ........................................................................................... 80	
4.2	 Objectives ............................................................................................. 82	
4.3	 In vitro confirmation of the biosynthesis and constitutive secretion of 
Exendin-4 and GLP-1 .................................................................................... 83	
4.4	 Discussion ............................................................................................ 92	
5	 Chapter 5 – Assessment of constitutive expression of Exendin4 and GLP1 via 
both plasmid and AAV administration in vivo .................................................... 94	
5.1	 Introduction ........................................................................................... 95	
5.2	 Objectives ............................................................................................. 97	
5.3	 General notes ....................................................................................... 98	
5.3.1	 Vector Administration and adjuvant techniques ................................... 100	
5.3.2	 Completion of study ............................................................................. 101	
5.4	 In Vivo assessment of secretory properties and pharmacodynamics of 
Exendin 4 in CD1 mice via plasmid administration, with an accompanying 
eGFP control group ..................................................................................... 102	
5.4.1	 Weight Evaluation ................................................................................ 102	
5.4.2	 IPGTT and mean fasted glucose ......................................................... 103	
5.4.3	 eGFP expression as evaluated via IVIS .............................................. 106	
5.4.4	 Evaluation of peptide concentration in blood plasma ........................... 109	
5.5	 In Vivo assessment of secretory properties and pharmacodynamics of 
Exendin-4 and GLP-1 in db/db mice via plasmid administration, with an 
accompanying eGFP control group ............................................................. 110	
5.5.1	 Weight Evaluation ................................................................................ 110	
5.5.2	 IPGTT and mean fasted glucose ......................................................... 111	
5.5.3	 Evaluation of peptide concentration in both blood plasma samples 
and muscle homogenate ................................................................................. 113	
5.5.4	 Immunohistochemical analysis of pancreas ........................................ 121	
5.5.5	 Assessment of eGFP expression as measured via IVIS-spectrum ..... 123	
5.6	 In Vivo assessment of secretory properties and pharmacodynamics of 
Exendin 4 and GLP1 in CD1 mice via viral (AAV) administration, with an 
accompanying eGFP control group ............................................................. 126	
5.6.1	 Weight Evaluation ................................................................................ 126	
xii 
 
5.6.2	 IPGTT and mean fasted glucose .......................................................... 128	
5.6.3	 Evaluation of peptide concentration in blood plasma samples ............. 130	
5.6.4	 Immunohistochemical analysis of pancreas ......................................... 133	
5.7	 Discussion ........................................................................................... 136	
5.7.1	 In Vivo assessment of secretory properties and pharmacodynamics 
of Exendin 4 in CD1 mice via plasmid administration, with an accompanying 
eGFP control group .......................................................................................... 136	
5.7.2	 In Vivo assessment of secretory properties and pharmacodynamics 
of Exendin 4 and GLP1 in db/db mice via plasmid administration, with an 
accompanying eGFP control group ................................................................. 137	
5.7.3	 In Vivo assessment of secretory properties and pharmacodynamics 
of Exendin 4 and GLP1 in CD1 mice via viral (AAV) administration, with an 
accompanying eGFP control group ................................................................. 139	
5.7.4	 General Conclusion .............................................................................. 140	
6	 Chapter 6 – General Discussion ................................................................ 142	
6.1	 In Vitro studies to establish both reporter (eGFP) and transgene (GLP-1 
and Exendin-4) expression in a mouse muscle cell line (C2C12) ............... 144	
6.2	 In Vivo studies to establish both reporter (eGFP) and transgene (GLP-1 
and Exendin-4) expression in a mouse muscle cell line (C2C12) ............... 146	
6.3	 Future work ......................................................................................... 149	
7	 References ................................................................................................ 153	
8	 Appendices ................................................................................................ 167	
8.1	 Appendix 1 – Clinical assessment score chart ................................... 167	
























































































































































































































































































































































































































































































































Figure	 1-3	 -	 GLP-1	 receptor	 signalling	 pathways	 in	 the	 pancreatic	 β-cell.	 GLP-1	 receptor	






















































































































































































































































































































































Electroporation is	 a	 technique	 which	 is	 often	 also	 used	 in	 conjunction	 with	 skeletal	
muscle	injection.	This	method	uses	an	external	electrical	field	across	the	site	of	injection	
in	order	to	generate	small	(nano)	sized	pores	in	the	cell	membrane	which	allow	water-
soluble	 molecules	 to	 cross	 through	 the	 hydrophobic	 lipid	 layer(Lee	 and	 Deng,	 2012).	
Electroporation	aided	delivery	has	shown	very	good	transfection	efficiencies	 in	both	 in	
vitro	 and	 in	 vivo	 studies.	 Although	 some	 areas	 of	 damage	 can	 sometimes	 be	 seen	 in	
muscle	 fibres	 post	 electroporation,	 this	 is	 often	 minimal	 and	 does	 not	 have	 enough	
effect	to	deter	the	high	efficiencies	seen	with	this	technique.		




invasive	 in	 vivo	 technique	 in	 which	 the	 needles	 are	 inserted	 directly	 into	 the	muscle	
tissue,	and	various	in	vitro	electrodes.		
The	 electrical	 field	 is	 generated	 using	 a	 range	 of	 pulsed	 voltage	 ‘waves’,	 which	 have	
been	 studied	 to	 obtain	 the	most	 optimum	 settings	 for	 a	 range	 of	 systems.	Mir	 et	 al	
(1999)	 determined	 that	 the	 optimal	 electrotansfer	 efficiency	 into	 skeletal	muscle	was	
found	with	8	pulses	 (20ms	 in	 length)	with	a	 low	 intensity	setting	of	200V/cm	and	at	a	
frequency	of	1Hz,	when	determined	experimentally	in	vivo	(Mir	et	al.,	1999).	
In	 addition	 to	 the	 enhancement	 provided	 by	 electroporation,	 Mennuni	 et	 al	 (2002)	
showed	 that	 pre-treatment	 with	 hyaluronidase	 further	 increased	 gene	 expression	
approximately	 5	 fold	 with	 no	 permanent	 damage	 or	 injury	 seen	 to	 the	 tissue	 post	
procedure	 (Mennuni	 et	 al.,	 2002).	 Hyaluronidase	 hydrolyses	 hyaluronic	 acid,	 a	 major	
component	 of	 the	 extra	 cellular	 matrix	 found	 in	 connective	 tissue.	 Connective	 tissue	
protects	 skeletal	muscle	 fibres	 against	 potentially	 harmful	 organisms	 such	 as	 bacteria	
and	 viruses,	 and	 therefore	 would	 also	 hamper	 any	 other	 exogenously	 introduced	





Ultrasound or	 sonoporation	 utilises	 the	 ‘microbubble	 collapse	 during	 acoustic	
cavitation’	 (Yoon	 and	 Park,	 2010).	 There	 have	 been	 a	 number	 of	 different	 studies	
investigating	 the	 use	 of	 sonoporation	 on	 various	 different	 tissues	 types.	 The	 overall	
results	 suggest	 that	 whilst	 sonoporation	 yields	 a	 lower	 transfection	 rate	 than	
electroporation,	 the	 damage	 caused	 in	 doing	 so	 is	much	 less.	 This	 gives	 sonoporation	
some	grounds	for	continued	investigation	(Wells,	2010).		
 
Nano-particle	 encapsulation, as	 described	 by	 Zhou	 et	 al,	 the	 Nano-particles	 are	
































































































































































































Analytical Kit Supplier 
GLP1 (active) ELISA Millipore, MA, USA 
Exendin 4 EIA 
Phoenix Pharmaceuticals, 
Karlsruhe, Germany 
Mouse Insulin ELISA Mercodia, Uppsala, Sweden 
Plasmid Purification and 
extraction kit 

























































































































































Tryptone 10.0 g 
Sodium chloride 5.0 g 
Yeast extract 5.0 g 
Agar 15.0 g 
Antibiotic 50 µg/ml final concentration (added 



































































Sterile, deionised water 16.3 µl 
Restriction enzyme 10x Buffer 2.0 µl 
Acetylated BSA (10µg/µl) 0.2 µl 
DNA (1.0 µg/µl) 1.0 µl 
Mix the above by pipetting, then add: 
Restriction Enzyme (10 u/µl) 0.5 µl 






































































































































































































	 100ng/ml 1ng/ml 0.01ng/ml 
Mean	 1.892	 0.574	 0.111	
SD	 0.271	 0.067	 0.017	





















	 2pM 10pM 100pM 
Mean 432.458	 1223.501	 19551.776	
SD 20.344	 201.785	 1678.065	
CV 4.704	 16.492	 8.583	




































































































































































































































































































































































































































































































































































































Box	 Mouse	ID	 Leg	 Plasmid	











































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure	 5-10	 –	Mean	 fasted	 glucose	 levels	 as	 recorded	 throughout	 the	 study.	 Fasted	 glucose	
levels	were	recorded	as	part	of	the	IPGTT	process.	The	mean	fasted	glucose	(n=6±SD)	are	shown.	






































































































































































Figure	 5-18	 –	 Examples	 of	 FFPE	 pancreas	 samples.	 	 FFPE	 pancreas	 samples	 were	 sectioned	
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≤	6	–	continue	with	protocol/monitoring	 	 	 	 	 	












Weight	 Score	 Eyes/Nose	 Score	 Skin	tone	 Score	 Behaviour	 Score	 Coat	 Score	 Faeces	 Score	
Weight	
Gain	
0	 Normal	 0	 Normal	 0	 Normal	 0	 Normal	 0	 Normal	 0	











4	 Starey	 2	 Diarrhoea	 2	
<10%	loss	 4	 	 	 	 	 	 	 	 	 	 	



































































































































































































































































































































































2 W 13.0 0 • Weigh	mice	and	clinical	score	
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4 T 28.0 	 • Weigh	mice	and	clinical	score	
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3	 hurs	 2.13	 • Obtain	peripheral	blood	sample	
• IPGTT	(allow	free	access	to	food/water	post	procedure)	
4
4	
F
ri	
01.0
3.13	
0
9.00	
• Weigh	mice	and	clinical	score	
• Obtain	peripheral	blood	sample	
• IPGTT	(allow	free	access	to	food/water	post	procedure)	
4
5	
S
at	
02.0
3.13	
0
9.00	
• Weigh	mice	and	clinical	score	(CBC	if	possible	please?)	
4
6	
S
un	
03.0
3.13	
0
9.00	
• Weigh	mice	and	clinical	score	(CBC	if	possible	please?)	
4
7	
M
on	
04.0
3.13	
0
9.00	
• Weigh	mice	and	clinical	score	
• Image	mice	using	IVIS	spectrum	
• Fast	mice	from	17.00	(leave	½	food	pellet	per	mouse	in	
the	cage)	overnight	
4
8	
T
ues	
05.0
3.13	
0
9.00	
• Weigh	mice	and	clinical	score	
• Perform	fasting	glucose	measurement	
4
9	
W
ed	
06.0
3.13	
0
9.00	
• Weigh	mice	and	clinical	score	
• Image	mice	using	IVIS	spectrum	
• Fast	mice	from	17.00	(leave	½	food	pellet	per	mouse	in	
the	cage)	overnight	
5
0	
T
hurs	
07.0
3.13	
0
9.00	
• Weigh	mice	and	clinical	score	
• Obtain	peripheral	blood	sample	
• IPGTT	(allow	free	access	to	food/water	post	procedure)	
5
1	
F
ri	
08.0
3.13	
0
9.00	
• Weigh	mice	and	clinical	score	
• Image	mice	using	IVIS	spectrum	
• Terminate	animals	via	cardiac	puncture	
• Harvest	muscles	by	stripping	skin	of	hindlegs	starting	at	
the	hock	moving	proximally,	remove	fascial	layers	and	
mark	the	area	of	injection	on	the	right	side	by	incision	
using	a	scalpel	blade.		Then	harvest	both	TAs	and	
gastroc	groups	by	transecting	muscle	insertion	
proximally	and	distally.	Cut	along	injection	site	into	two	
pieces	and	snap	freeze	by	placing	directly	into	
isopentane	cooled	via	liquid	nitrogen.	Store	in	cryovials	
and	store	at	-800C	until	needed.	AND/OR	Place	each	of	
the	muscle	groups	into	1.5ml	eppendorf	tubes	
containing	1ml	of	Buffer	A.	
• Muscles	to	be	homogenised	are	to	be	placed,	
seperately,	into	Buffer	A	(containing	protease	
inhibitors),	after	being	weighed.	
• Muscles	to	be	stained	are	to	be	snap	frozen	
(iospentane)	onto	cork	discs	with	coverslip	support	and	
placed	in	cryovials.	
• Remove	pancreases,	weigh	and	place	into	10%	formalin.	
	
NOTES:	
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• Buffer	A	contains	10	mM	HEPES	pH	7·9,	10	mM	KCl,	0·1	mM	EDTA	pH	8·0,	0·1	
mM	EGTA	pH	8·0,	1	mM	dithiothreitol	and	protease	inhibitors	(Roche,	UK),	
10µl/ml	(to	be	added	immediately	before	use)	
	
• IVIS	scans	
o Treatment	groups	to	be	scanned	as	groups	of	3	(machine	only	capable	of	
scanning	a	maximum	of	5).		Each	eGFP	group	animal	to	be	scanned	
individually	(dorsal	and	ventral	views)	2D	and	3D.	
o Each	leg	needs	to	be	shaven	before	each	scan	due	to	dark	fur	interfering	
with	the	light	absorptions	patterns.	
o Scan	muscle	once	harvested?	Need	to	think	about	logistics	
	
• IPGTT	–	ask	for	assistance	from	CBC,	with	a	view	to	handing	procedure	over	in	
the	future		
	
• Peripheral	blood	samples	(~100µl)	–	dates	may	need	altering	once	maximum	
allowable	blood	volumes	have	been	calculated.	
	
• Muscle	group	method	for	snap	freezing	muscles	
o Make	a	surface	incision	in	a	25mm	cork	disc	–	not	cutting	through	the	disc	
o Place	coverslip	in	cut,	perpendicular	to	the	disc	
o Lay	muscle	in	correct	orientation	against	the	coverslip	
o Cover	muscle	in	OCT	medium		
o Place	entire	sample	into	dry	ice	cooled	isopentane	to	freeze.	
o Store	at	-800C	until	needed.		
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